This study tackles the core issues associated with near-neutral pH water splitting, particularly regarding electrolyte engineering in the electrocatalysis and product cross-over. The hydrogen evolution reaction (HER) was investigated on Pt, Ni and NiMo catalysts in various concentrations of cations and anions to describe their performances by quantifying kinetics and mass-transport. The choice of electrolyte in terms of its identity and activity drastically altered the HER performance. Electrolyte properties (activity coefficient, kinematic viscosity and diffusion coefficient) accurately described the mass-transport contribution, which was easily 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 isolated when a highly active Pt catalyst was used. The HER rate on the Pt was maximized by tuning the solute concentration (typically 1.5 -2.0 M). Moreover, the kinematic viscosity and oxygen solubility under such densely buffered conditions governed the oxygen mass-transport flux in the electrolyte, which in turn tuned the cross-over flux. At near-neutral pH, as high as 90 % selectivity toward the HER was achieved even under an oxygen saturated condition, where only a 40 mV overpotential was needed to achieve 10 mA cm −2 for the HER. This information can be regarded as an important milestone for achieving a highly efficient water splitting system at near-neutral pH.
Introduction
The utilization of renewable energy as an energy source is one of the most promising concepts for the construction of a sustainable society. In recent decades, drastic progress in solar fuel production has occurred: photovoltaic cells can generate electricity from the sunlight, 1−4 whereas photoelectrochemical 5 and photocatalytic 6−11 water splitting can directly produce hydrogen and oxygen by harvesting the sunlight. An electrolyzer can electrochemically split water molecules, 12,13 which can be conjugated with the photovoltaic cells. 14,15 Importantly, during the photoelectrochemical and photocatalytic water splitting, what takes place on the surface is electrocatalysis, in association with the photonic processes at the bulk of photon absorber and the interface between the photon absorber and electrocatalyst. 11 Electrocatalysis will thus certainly play a crucial role in the solar fuel production process in the future.
Most of the studies regarding the electrochemical hydrogen evolution reaction (HER) have been carried out under kinetically-preferred, extremely acidic 16−21 and alkaline conditions.
Recently, some studies have been dedicated to the HER under near-neutral pH conditions. 28−33 In typical supporting electrolytes, e.g., Na 2 SO 4 or NaClO 4 , 30, 31 the reactant for the HER at nearneutral pH has to be the water molecule to obtain a substantial hydrogen production rate (for example, approximately −10 mA cm −2 , corresponding to ≈10 % solar to hydrogen efficiency). [30] [31] [32] Under such conditions, reactant mass-transport flux becomes slower than the surface hydronium ion reduction rate due to smaller hydronium ion activities. In unbuffered near-neutral pH electrolyte solutions, therefore, a huge additional overpotential is required to obtain higher electric currents compared with those at acidic or alkaline pH levels. 32 In buffered electrolyte solutions, however, this two-step HER (hydronium ion reduction followed by water molecule reduction) is not practically observed and instead only a monotonic increase in reduction current is obtained. 28, 29 The resultant onset potential is reported to be ≈0 V vs. RHE using Pt as an electrode, which is comparable to those in acidic and alkaline solutions. 28, 29, 34 Some claim that the reactant under such condition is likely the weak acid itself, e.g., phosphate species (H 2 PO 4 − and HPO 4 2− ). [35] [36] [37] [38] [39] Previously, we reported that HER performances show a volcano-shaped trend with the solute concentration under buffered near-neutral pH conditions, exhibiting the highest performance at approximately 2 mol L −1 (in sodium phosphate solution at pH 5). 35 It is revealed that the HER under densely-buffered conditions over Pt electrocatalysts is predominantly governed by a mass-transport of weak acid ions. The concentration overpotential in a solution denser than 1.0 mol L −1 is calculated to be as high as 50 % among kinetic overpotential, concentration overpotential and potential drop induced by the solution resistance. Although it has not been experimentally identified whether the weak acid ions directly react on the surface, mass-transport of a proton source (e.g., phosphate ions) to an area with close proximity to the catalyst surface predominantly determines the HER current on the Pt catalyst. This finding 4 suggests that a fine electrolyte tuning will lead to much higher mass-transport and result in higher HER performances under near-neutral pH conditions.
On the other hand, oxygen gases evolve at the anode (oxygen evolution reaction, OER) during water splitting. Typically, active catalysts for the HER also show good oxygen reduction reaction (ORR) performances, as has been intensively studied, such as Pt [40] [41] [42] [43] and multi-metal catalysts. [44] [45] [46] [47] [48] [49] Therefore, the evolved oxygen, which can be transported from the anode to the cathode, is reduced back to a water molecule. In typical water splitting cells for both electrochemical and photocatalytic water splitting, where use of a membrane is omitted, the cross-over of the product significantly lowers the total efficiency mainly via the undesired competitive reaction. Therefore, the concept of oxygen-tolerant HER is of great significance. 50 Recently, some novel ways have been proposed to avoid this efficiency loss: core-shell structured materials that selectively suppress the oxygen molecule mass-transport to the reduction site 10,11,51,52 and more selective catalysts toward the HER (high HER activity and poor ORR activity). 53 Previously, we carried out an ORR study under densely-buffered conditions over a Pt electrocatalyst, showing that electrolyte properties (gas solubility, the kinematic viscosity and the diffusion coefficient) solely govern the oxygen mass-transport in the densely-buffered electrolyte solution. 43 The study implies that a careful choice of electrolyte leads to a drastic reduction in oxygen mass-transport within the cell. The lowered oxygen mass-transport will result in reduced gas cross-over to the cathode, which in turn will increase the cell efficiency.
Efficient hydrogen production with controlling oxygen cross-over is thus crucial for efficient water splitting. According to the discussion above, we propose that this can be majorly achieved by utilizing a buffered solution to regulate mass-transport of the proton source (e.g., weak acid) + 60 % KH 2 PO 4 ), the overpotential required to achieve −10 mA cm −2 , equivalent to an approximately 10 % solar to hydrogen efficiency, was found to be less than 40 mV, where the selectivity to the HER in the presence of oxygen was as high as 90 %. The finding in this study, combined with the appropriate catalyst identity toward oxygen-tolerant hydrogen production, will lead to further progresses and practical applications of water splitting for future solar fuel production.
Experimental methods
A rotating disk electrode (RDE) configuration was applied to our study to control the masstransport phenomena unless otherwise specified. A polycrystalline Pt and Ni disk electrode with a 3.0 mm diameter (0.071 cm 2 geometric surface area) was purchased from BAS, Inc. Before each measurement, the disk-electrode was polished first with 1 µm diamond and then with 0.05 6 µm alumina (both purchased from BAS, Inc. (VMP3) purchased from BioLogic Science Instruments. All of the current densities described in this report are expressed in terms of the geometric electrode surface area, and all of the currentpotential relationships have been iR-corrected using measured impedance values (100 kHz, amplitude 10 mV and 298 K) unless otherwise specified. In this paper, we demonstrate the concept that a fine tuning of an electrolyte leads to a controlled electrochemical hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) under buffered near-neutral conditions. First, the HER in various electrolyte solutions will be discussed, showing how apparent HER performances are altered by electrolyte solutions. Then, the ORR will be examined to evaluate gas mass-transport in the cell. The HER and ORR will be combined to describe the HER in the presence of oxygen. Finally, we discuss the beneficial effects of solution resistance at high solute concentrations.
Results and discussion

Hydrogen production
The HER was investigated using Pt, Ni disk and NiMo electrode as a model catalyst in various electrolyte solutions under buffered conditions. Our previous study revealed that, in densely buffered solutions, the HER performances are shown to increase with the solute concentration at lower concentration regime, whereas further denser solutions lower mass-transport, resulting in poorer performances. 35 The highest HER performance was obtained at approximately 2.0 mol L −1 in a sodium phosphate solution at pH 5, where the concentration overpotential was calculated to be significantly huge (accounting for more than half of the required overpotential). 35 If such is the case, then tuning electrolyte properties toward improved mass-transport is anticipated to enhance the HER at near-neutral pH. The factors governing the apparent HER performance in the buffered solution are (1) diffusion coefficient and (2) mean activity coefficient of the electrolyte solution. 35 The former, i.e., the diffusion coefficient D, is theoretically obtained by using the Stokes-Einstein equation: 
For the anion in the buffered solution, e.g., phosphate, the following was found:
57,58
The viscosity of such electrolyte solution was available in the literature, as follows: 
(2)- (5) gave the order of the diffusion coefficient among simple alkali metal phosphate solutions: On the other hand, quantitative description of the mean activity coefficient is still under debate. [60] [61] [62] [63] [64] [65] [66] Nevertheless, the existing literature allows us to discuss it at least qualitatively.
Based on the "like sees like" 61 or "matching water affinity" 62 concept, 60 the following order of the mean activity coefficient γ was obtained for the alkali metal phosphate solution: 
Because higher diffusion coefficients and mean activity coefficients are anticipated to result in apparently higher HER performances, the optimal conditions can be theoretically found at (a) Na-or K-H 2 PO 4 , (b) K x H 3−x PO 4 (1 < x < 2) and (c) Cs x H 3−x PO 4 (1 < x < 2). This rationale is experimentally examined in the following (see also supporting information Figure S1 for a clear illustration of its theoretical trend).
The HER in 1.5 mol L −1 MH 2 PO 4 (M = Li, Na and K) was investigated, as shown in Figure 1 .
In all the cases, monotonically increasing currents were observed below 0 V vs. RHE. Regarding cation effects on the apparent HER in monobasic phosphate solutions, a volcano-shaped dependence was observed, e.g., NaH 2 PO 4 showed the smallest overpotential among them.
Notably, as will be discussed later in Figure 3 , a higher HER performances were obtained in Figure 3 (Also see Figure S5a for the Ni disk). In the figure, potentials Figure S8) . 59, 68 As a concluding remark in this section, the hydrogen production can indeed be tuned by the choice of electrolytes at near-neutral pH. The highest performances for the HER were found in 1.5 mol L −1 NaH 2 PO 4 (37.8 ± 1.0 mV) and K- 
Oxygen mass-transport
The ORR was investigated to quantitatively evaluate oxygen mass-transport under the comparable conditions. According to the literature, 67 the following Levich equation has been well established as describing the mass-transport limited current density (limiting diffusion current density):
where j L is the Levich current density; n defines the number of involved electrons; F is Faraday's constant; ω defines the disk rotation speed (3600 rpm ≈ 377 rad s −1 ); v is the solution kinematic viscosity and δC represents the difference in the reactant concentrations between the surface and bulk. Typically, when the equation is applied to the ORR, the properties of water are used to describe the limiting diffusion current. When denser solutions are utilized, however, the altered properties (kinematic viscosity, diffusion coefficient and reactant concentration) have to be taken into consideration. As we previously reported, 43 under buffered near-neutral pH conditions, the solution viscosity increases, diffusion coefficient decreases and gas solubility decreases with increasing solute concentration. The observed limiting diffusion current for the ORR was found to be well described by these altered properties. 43 The finding in the study can be applied to all gas conversion reactions: by tuning viscosity, the diffusion coefficient and gas solubility, the mass-transport can be well controlled. 
where c G,0 and c G represent the gas solubility in pure water and an electrolyte solution,
respectively; h i and h G are constants that depend on the ion and gas, respectively, and 
This order is expected to reflect the trend of the oxygen mass-transport flux.
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The prediction was experimentally examined, as shown in Figure 5 . In Figure 5a , all ORR limiting diffusion currents decreased with increasing solute concentration, except for HClO 4 , and the following order of limiting diffusion currents was obtained in the buffered near-neutral solutions:
which totally agrees with the aforementioned expectation of (14). Therefore, it can be concluded that each electrolyte exhibits its properties, which solely determines the gas mass-transport.
Notably, the identities of gases merely change their solubility and effective size; thus, the same argument is applicable to different gas conversion reactions, such as hydrogen oxidation reaction (HOR). As seen in Figure 5b , where the observed limiting diffusion currents for the HOR are plotted against the solute concentration, the same order as in (14) was obtained. These results reveal the universality of our concept for the electrocatalysis of dissolved gases: the masstransport can be well described by kinematic viscosity, the diffusion coefficient and the reactant concentration.
Hydrogen production in the presence of oxygen
Both the HER and ORR under densely-buffered conditions have been shown to be majorly governed by the electrolyte properties, i.e., effective sizes of ions, (kinematic) viscosity of the solution, mean activity coefficient and gas solubility. Tuning the electrolyte property can lead to improved overall hydrogen production rates and lowered oxygen mass-transport flux. Based on Page 14 of 40
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In the previous sections, we have addressed current densities (HER) at −50 mV vs. RHE in hydrogen (ORR) at 400 mV vs. RHE in oxygen (as the limiting diffusion current)
Additionally, we experimentally examined the hydrogen production with oxygen bubbling (see Figure S2 for raw linear-sweep voltammograms). 
In Figure 7 , calculated selectivity to the HER is summarized for all the electrolyte solutions investigated: KH 2 PO 4 , K 2 HPO 4 , K 3 PO 4 , LiH 2 PO 4 , NaH 2 PO 4 , NaHCO 3 , HClO 4 , KOH, Kphosphate and Na-phosphate (see also Figure S9 for a direct comparison of the HER vs. the ORR). Under buffered near-neutral conditions, increasing the solute concentration led to improved HER selectivity. This is consistent with those results that were separately described for the improved HER and lowered ORR in the previous sections. Notably, at alkaline pH (KOH and K 3 PO 4 ), the apparent HER activity was not simply increased with the solute concentration, as seen in Figure 3 , whereas ORR limiting diffusion currents decreased with the solute Page 15 of 40
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 overlapped, showing negligibly small gas mass-transport. It should be emphasized that although the RDE configuration was applied to this study, the finding is applicable to other cases. The RDE gives a defined diffusion layer thickness, 43 which is smaller than those in not stirred and poorly stirred systems. In a system where the RDE is not used, the mass-transport is thus anticipated to be much slower.
Solution resistance
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The overpotential in the electrolysis cell is predominantly composed of kinetic overpotential, concentration overpotential and voltage drop induced by the solution resistance. The ohmic loss by the solution resistance is one of the most significant parameters that determine the overall cell efficiency. Figure 9 compiles the measured resistivity of the various electrolyte solutions. In all cases, the resistivity decreased with increasing solute concentration, down to approximately 1.5 mol L −1 . Further denser solutions exhibited increased solution resistivity. The resistivity ρ is theoretically described by the following equation:
43,56 2 6 a z ecF
which can be converted into the solution resistance R: Although these resistivity are much smaller than those obtained under the neutral pH conditions with optimized solute concentrations (11 -16 ohm cm in KH 2 PO 4 ), the HER kinetics at alkaline pH is much sluggish compared to the optimized near-neutral pH, as discussed in Figure 3 , likely due to differences in the reactants (water molecule vs. proton associated with weak acid). The lower HER reaction rate at alkaline pH makes the HER at near-neutral pH comparable to it: the cathodaic overvoltage and iR loss to achieve 10 mA cm This study describes not only a very fundamental aspect of H 2 /O 2 aqueous electrochemistry but also quite promising results, such as the electrolysis performance. Notably, when the potential applied to the reduction catalyst during water splitting (tentatively considered as −50 mV vs.
RHE in this study) is more negative, the selectivity to the HER can be much higher. A careful choice of electrolyte solutions will most likely lead to drastically improved cell efficiency for 
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electrochemical, photoelectrochemical and photocatalytic water splitting. The remaining aspects for kinetics, diffusion and solution resistance include their temperature and pressure dependence, which drastically alters overall cell efficiency. This study focused on ambient electrolysis associated with commonly-studied photoelectrochemical reactions, photocatalysis and biocatalysis. In the required operation conditions of the practical application, these aspects should be properly taken into account. The new insight pronounced in this study will advance and improve the existing water splitting devices and relevant chemistries.
Conclusions
Regarding oxygen cross-over-free hydrogen production, hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) were investigated in detail under near-neutral pH conditions.
Our examination revealed that mass-transport properties of the electrolyte and the dissolved oxygen drastically affected both HER and ORR performance. This indicates that, irrespective of the catalyst, the performances are universally governed by the identity and activity of the solute.
The factors determining the HER performance are the diffusion coefficient of buffered-species and the mean activity coefficient, the tuning of which gave expected improvement in overall HER currents. A benchmark study in various electrolytes revealed optimal conditions for the HER at near-neutral pH, where −10 mA cm −2 (≈10 % solar to hydrogen efficiency) was achievable with an overpotential of less than 40 mV, which is superior to that at alkaline pH of 1.0 -2.0 mol L −1 KOH and becoming comparable to that at acidic pH of 0.1 -1.5 M HClO 4 . On the contrary, ORR performance was governed predominantly by descriptive gas mass-transport flux associated with gas solubility, the kinematic viscosity and the diffusion coefficient.
Combining the knowledge obtained in the HER and ORR study allowed us to quantify the 
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RHE (x-axis), recorded in various electrolyte solutions using a polycrystalline Pt disk electrode (conditions: −50 mV s −1 , 3600 rpm and 298 K).
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